rClRSTEN sarcoma virus induces foci of morphologically altered ceils in rat, mouse, and human cells in tissue culture. The KmSTEN sarcoma virus stock contains two viruses; one forming foci and the other plaques on XC cells. The sarcoma virus particle transforms cells in the absence of murine Ieukaemia virus but requires murine leukaemia virus for its replication. The high susceptibility of human cells to transformation by KmSTEN sarcoma virus is related to a function provided to the sarcoma virus by murine leukaemia virus. A large number of KIRSTEN sarcoma virus-transformed mouse and rat cell loci has been isolated, and from these many non-producer clonal lines have been derived and characterized.
INTRODUCTION
There have been four separate isolations of murine sarcoma virus (MSV) represented by the virus strains HARVEY (Harvey, 1964) , MOLONEY (Moloney, I966) , FBJ (Finkel, Biskis & Jinkins, 1966) and KIRSTEN (Kirsten & Mayer, ~967) . The first three of these appeared in animals infected with animal-passaged leukaemia viruses. The FBJ strain was derived from a spontaneous mouse tumour and found to contain a high excess of a non-focusforming helper virus (J. A. Levy, personal communication) . In tissue culture, MSV strains induce loci of morphologically altered cells. The KIRSTEN isolate (KI-MSV) is particularly interesting because of its high efficiency in transformation of human cells (Aaronson & Todaro, 197o) . Previous studies have shown that in the absence of murine leukaemia virus (MLV) the MOLONEY sarcoma virus (M-MSV) induces loci, but requires MLV for its replication (Aaronson & Rowe, ~ 97o; Aaronson, Jainchill & Todaro, 197o) . The present studies were undertaken to determine whether these observations were also true for K~-MSV and to ascertain why human cells are highly susceptible to transformation by I,:I-MSV.
METHODS
Cell culture. Cells were grown in D ulbecco's modification of Eagle's medium supplemented with lO% calf serum (Colorado Serum Co, Denver, Colorado) in 5o mm. plastic Petri dishes (Falcon Plastics, Los Angeles, California). The cells used included the rat kidney cell line, NRK Rosenblum & Ziegel, I966) , and the Balb/3T3 and NIH/3T 3 mouse cell lines (Jainchill, Aaronson & Todaro, 1969) , and an M-MSV transformed Balb/ 3T3 non-producer line, MSV-8 Cll (Aaronson & Rowe, I97O) . Human fibroblast strains were derived from skin biopsies and used within the first 2o passages in tissue culture. Viruses. (K~-MSV) was kindly supplied by Dr V. Klement (Children's Hospital, Los Angeles). It originated from the KIRSTEN isolate and had been passaged in NRK cells. Rauscher murine leukaemia virus (MLV) was a gift of Dr F. Rauscher (National Institutes of Health).
Virus assays. Virus suspensions were passed through o'45 #m. membrane filters (Millipore Corp, Bedford, Massachusetts) immediately before use. The assay of MSV transformation was as follows. About 2 × ~o 5 cells/Petri dish were pre-treated for ~ hr with 4 ml. of medium containing 25 #g. per ml. of diethylaminoethyldextran (molecular weight > 2-o× Io 6, Pharmacia Fine Chemicals Inc, New Market, New Jersey; Vogt, 1967) . Cultures were then washed once with serum-free medium and incubated with o'5 ml. of appropriately diluted virus for i hr at 37 ° with frequent shaking. Fresh medium was added and was changed once on the fourth or fifth day after infection. MSV foci were scored at 7 days. For some studies, acutely infected cells were overlaid with 4 ml. of medium containing o'5 ~o (w/v) Difco Noble Agar. Another 3 ml. agar overlay was made on the fourth or fifth day~ and MSV loci scored at 7 days.
MLV was titrated by the XC plaque test (Rowe, Pugh & Hartley, I97I) : XC cells were added to mouse cell cultures at 2o 6 cells/Petri dish on the seventh day following MLV infection. Three or four days later the cultures were fixed with methanol for 30 rain. and stained with Harris hematoxylin for 45 min. The MLV-producing loci appeared as plaques. This method enabled XC plaques to be scored with MSV foci in the same Petri dishes. The leukaemia virus titres obtained by XC plaque assay were similar to those obtained by complement fixation (Hartley et al. ~965) . Since XC plaque formation in NRK cells is very inefficient (W. P. Rowe, personal communication), plaque assays were performed on either Balb/3T3 or NIH/3T3 cells.
[3H]-uridine incorporation. Cultures containing I to 3 × IO6 cells were exposed to 3o/zf/ml. of [3H]-uridine (sp. act. > 20 ¢/mmole; New England Nuclear, Boston, Massachusetts) for i8 to zo hr. Supernatant fluids were then assayed for radioactivity after sedimentation in a linear 15 to 6o % sucrose gradient as described by Aaronson & Rowe, (I97O) .
RESULTS

Growth characteristics of K~-MSV
The host range of KI-MSV was determined using N RK cells and the mouse cell lines, Balb/ 3T3 and NIH/3T3. Almost all naturally occurring viruses of the murine sarcoma-leukaemia complex have been found to grow in one of these two mouse strains (Hartley, Rowe & Huebner, I97o) . As shown in Table I , focus formation by Kx-MSV was almost equally efficient in NRK and NIH/3T3 cells. In contrast, Balb/3T3 was approximately 30 times less sensitive. Thus, according to the terminology proposed by Hartley et al. 097o) , the KI-MSV virus stock would be classified as N-tropic. Many human fibroblast strains were also tested; these showed a wide range of susceptibility to focus formation by KI-MSV. Table i records the results of infection of five different human cells. The most susceptible strain (No. xI3) showed a titre of ~o 3"5 f.f.u./o'5 ml. while the most resistant cell (No. 34) sh owed no foci at all.
Preliminary studies indicated that KI-MSV contained both focus-forming and XC plaqueforming activities. The titration patterns for these virus functions were compared in NIH/3T3 cells. When plotted in the manner of Hartley & Rowe 0966), a 'one-hit' titration pattern is a straight line parallel to the X-axis while a 'two-hit' pattern is a line at an angle of 45 °. Fig. I shows that at 3 days after infection focus formation followed 'two-hit' kinetics.
However, by 7 days the titration pattern for focus formation showed a 'one-hit' pattern. This pattern was also observed when the virus was assayed in rat or human cells. Similar sequential changes in MSV titration patterns have been demonstrated for M-MSV in mouse cells (Aaronson et al. I97o) . These findings suggested that in order to obtain an early focus a dual infection by KI-MSV and a 'helper' virus was necessary. However, the observation of a 'one-hit' titration pattern by 7 days indicated that foci could then result from infection by single MSV particles. The end-point dilutions for XC plaque formation and focus formation in KI-MSV stocks were very similar (Fig. I) . This is in contrast to the IO-to Ioo-foid excess of XC plaqueforming virus in most MSV stocks. It is interesting to note that at high virus dilution, MSV loci and XC plaques usually did not coincide. When several NIH/3T3 cultures were exposed to aliquots of a common virus inoculum (Table 2) , the average number of MSV loci was 15 and of XC plaques 2 I. However, an average of only ~ 3 % of the MSV foci were in contact with an XC plaque.
I7
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Isolation of KI-MSV transformed lines
To investigate the sarcoma virus component of KI-MSV stocks, a large number of KI-MSV foci were isolated from NIH/3T3 and NRK cultures inoculated with terminal dilutions of focus-forming virus. This was done to minimize the chance of random contamination by the XC plaque-forming virus. Five to seven days after infection, Petri dishes containing one or two loci were selected, and the foci isolated by placing a cylinder over each. After growth to mass culture, each focus-derived line was tested for infectious virus production. As shown in Table 3 , 29 of 53 focus-derived lines released both focus-forming and XC plaque-forming viruses. The remaining 24 released no detectable focus-forming virus when culture fluids were assayed on either NIH/3T3 or NRK cells. * Transformed loci were isolated by the cylinder technique from Petri dishes containing one or two foci. For selection of loci from cultures grown under 0"5 % agar, the agar was removed before isolation.
The relative proportion of producer and non-producer focus-derived lines was greatly influenced by the type of cell used and the method of assay. With NRK cells, non-producer foci were isolated with ease under conditions of fluid medium (I 7 foci of 25). Under identical conditions, every focus isolated from N[H/3T3 cells released both sarcoma and XC plaqueforming viruses. This may be explained by the fact that the helper virus associated with K~-MSV grows much more rapidly in NIH/3T 3 than in NRK cells (unpublished). Thus when KI-MSV infected NIH/3T3 cultures were maintained under o'5 % agar to limit virus spread, the non-producer type of focus predominated. Seven of eight foci isolated from NIH/3T3 cultures under agar released no detectable focus-forming or XC plaque-forming virus (Table 3 ). The sensitivity of the transformation assay with agar was similar to that of the typical assay. By superinfection with Rauscher MLV, the KI-MSV genome could be rescued from each non-producer focus-derived line. The rescued sarcoma virus was then able to initiate foci on new mouse or rat cell cultures.
Properties of clonal lines of KI-MSV-transformed cells
From the non-producer KI-MSV-transformed NRK and NIH/3T3 cells, four clonal lines of each cell type were obtained. These lines grew to saturation densities of 5 to co times those of the parent cells. In their morphology, the non-producer clones were indistinguishable from producer transformed cells.
The clonal lines were assayed for murine leukaemia virus antigens. Cellular extracts of each were negative in tests for complement fixation using rat antisera capable of detecting viruses of the murine leukaemia-sarcoma complex (Hartley et al. t965) . In contrast, the virus-producing transformants generally showed complement fixation at dilutions exceeding I:I6. Complement fixation assays using guinea-pig antiserum to the electrofocus-purified gs I antigen of MLV (Oroszlan et al. 197o) were also negative in assays kindly performed by Dr R. Gilden (Flow Laboratories, Inc, Rockville, Maryland) . Cellular extracts of the non-producer NRK clonal lines showed no reaction in immunodiffusion tests with antisera containing the gs 3 or interspecies antibody to mammalian C-type viruses (Geering, Aoki & Old, 197o ; tests kindly performed by Dr L. Old, Sloan-Kettering Institute for Cancer Research, New York).
In tests by the [aH]-uridine labelling technique, culture fluids from each of the clonal lines showed no detectable peak of radioactivity. In contrast, virus-releasing transformants showed peaks of up to 3 x io ~ counts/min, at a density of 1.16 g./cm, a. The electronmicroscopic examination of three KI-MSV non-producer clonal lines was kindly performed by Dr V. Zeve (National Institutes of Health). No developmental forms or mature C-type virus were detected in over ioo cells examined in thin section from each cell line. The above studies lead to the conclusion that KI-MSV, like M-MSV, can transform mouse or rat cells without detectable virus production.
Isolation of the helper leukaemia virus associated with ~>MSV
As described above, when KI-MSV was grown in NRK cells, the end-point dilutions for the focus-forming and the XC plaque-forming viruses were very similar. When the same virus stock was grown in NIH/3T3, however, the XC plaque-forming virus grew to approximately 2o times the level of the sarcoma virus. By using such a virus stock the XC plaqueforming virus associated with K~-MSV was isolated. NIH/3T3 cultures were infected with NIH/3T3-grown KI-MSV at dilutions past the end-point for focus formation. These cultures yielded a virus which formed XC plaques but not MSV foci. The virus was purified further by passage at high dilution to new NIH/3T3 cultures.
The XC plaque-forming virus isolated from K~-MSV stocks had properties identicaI to those of a helper murine leukaemia virus and will be designated KI-MLV. Electron micrographs of infected NIH/3T 3 cells revealed typical budding C-type particles. The cultures were highly reactive with antisera to MLV by CF tests. By the [aH]-uridine labelling technique, a typical infected culture showed a radioactive peak of 2 x lO 4 counts/min, at a density of 1-I6g./cm. a. KI-MLV was able to rescue the sarcoma genome from non-producer NIH/3T3 or NRK cell lines containing either the K>MSV or M-MSV genome, and in each case the rescued focus-forming virus had the host range of the original K~-MSV stock.
I7-2
Susceptibility of human cells to KI-MSV
Our first report of transformation of human cells by MSV indicated that KI-MSV was far more efficient at inducing foci than either of the two M-MSV pseudotypes tested under the same conditions (Aaronson & Todaro, ~97o) . The high susceptibility of human cells to transformation by KI-MSV might be related to the sarcoma genome itself or to the leukaemia virus that provides certain functions necessary for its replication. To distinguish between these two possibilities, a non-producer line containing the M-MSV genome, MSV-8 CII (Aaronson & Rowe, 197o) , and a non-producer line containing K1-MSV, KI-N-C1 65, were each infected with either Rauscher MLV or KI-MLV. In this way two different MLV pseudotypes of each sarcoma genome were obtained. The virus stocks were then grown to high concentration in NRK ceils, and preparations containing I@ "° f.f.u./ 0"5 ml. were tested for transformation of human cells. The Rauscher pseudotypes of both M-MSV and KI-MSV failed to induce foci in any of the human cells tested (Table 4 )-In contrast, the KI-MLV pseudotypes of both M-MSV and KI-MSV produced foci efficiently in the same cell strains. These findings indicate that the ability of KI-MSV to transform human cells is a function of its helper virus. t Negative means no foci in three Petri dishes inoculated with the undiluted virus.
DISCUSSION
The biological properties of M-MSV and KI-MSV appear to be very similar. Previously M-MSV had been shown to transform cells in the absence of MLV but to require MLV for replication. Cells transformed by M-MSV in the absence of MLV do not produce detectable virus or virus antigens, but yield sarcoma virus when superinfected by MLV. The host range and neutralization properties of the rescued sarcoma virus are those of the leukaemia virus used for rescue, suggesting that MLV may provide certain coat functions for the M-MSV particle (Aaronson & Rowe, ~97o ). An analogous situation seems to occur with KI-MSV whose stocks contain both a focus-forming and an XC plaque-forming virus. The sarcoma virus is able to transform mouse or rat cells without requiring a helper MLV, as evidenced by the 'one-hit' titration pattern observed for focus formation.
We isolated more than 5o individual Kx-MSV-transformed foci which fell into two distinct classes: 0) the producer type, which released both focus-forming and XC plaque-forming viruses, and (z) the non-producer type, from which the sarcoma genome was rescued by MLV. A type which released only sarcoma virus was not detected. These findings confirm and extend those previously reported for M-MSV ( This work was supported in part by National Cancer Institute Contract PH7o-2o47.
